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G E N E T I C S

p63 establishes epithelial enhancers at critical 
craniofacial development genes
Enrique Lin-Shiao1,2, Yemin Lan1, Julia Welzenbach3, Katherine A. Alexander1, Zhen Zhang1, 
Michael Knapp4, Elisabeth Mangold3, Morgan Sammons1*, Kerstin U. Ludwig3, Shelley L. Berger1†

The transcription factor p63 is a key mediator of epidermal development. Point mutations in p63 in patients lead 
to developmental defects, including orofacial clefting. To date, knowledge on how pivotal the role of p63 is in 
human craniofacial development is limited. Using an inducible transdifferentiation model, combined with epi
genomic sequencing and multicohort metaanalysis of genomewide association studies data, we show that p63 
establishes enhancers at craniofacial development genes to modulate their transcription. Diseasespecific substitu
tion mutation in the DNA binding domain or sterile alpha motif protein interaction domain of p63, respectively, 
eliminates or reduces establishment of these enhancers. We show that enhancers established by p63 are highly 
enriched for singlenucleotide polymorphisms associated with nonsyndromic cleft lip ± cleft palate (CL/P). These 
orthogonal approaches indicate a strong molecular link between p63 enhancer function and CL/P, illuminating 
molecular mechanisms underlying this developmental defect and revealing vital regulatory elements and new can
didate causative genes.

INTRODUCTION
The transcription factor p63, a member of the p53 family of pro-
teins, is a key mediator of epithelial cell processes, including estab-
lishment and maintenance of epithelial identity (1). Deletion of 
Trp63 (encoding the p63 protein) in mice leads to developmental 
and morphological defects in the squamous epithelia and epider-
mis, leading to abnormal craniofacial development, truncated limbs, 
and loss of salivary glands, hair follicles, and teeth (2, 3). In humans, 
germline missense mutations in p63 cause ectodermal dysplastic 
syndromes, which are characterized by orofacial clefting and limb 
malformations (4–6). These mutations are largely clustered in 
either the DNA binding domain (DBD) or the protein-protein in-
teraction sterile alpha motif (SAM) domain; amino acid substitu-
tions show clear differences in the physical location and severity of 
phenotypes (7). p63 can bind directly to chromatin to change the 
chromatin landscape during keratinocyte differentiation (8–10). 
However, the role of p63 in de novo epithelial lineage commitment 
and how p63 amino acid mutations lead to defects in this process 
remain unknown.

Mutations in p63 in humans are rare; however, orofacial clefting 
[with its distinct subtypes cleft lip ± cleft palate (CL/P) and cleft 
palate only (CPO)] is a key feature of mutant p63 syndromes and is 
one of the most common congenital defects worldwide, with an ap-
proximate prevalence of 1:700 births (11). The etiology of orofacial 
clefting is complex, with involvement of genetic and environmental 
factors. To date, more than 400 different human syndromes have 
been reported showing orofacial clefting as part of their phenotypic 
spectrum. However, more than 70% of CL/P cases and more than 

50% of CPO cases are nonsyndromic, presenting as isolated pheno-
types with the absence of other affected organs and systems, and 
hence, their etiology remains largely unclear (11–14). The common-
ality and complexity of the constellation of orofacial clefting syn-
dromes suggest involvement of p63-linked regulatory dysfunction.

Murine models have been crucial in understanding lip and palate 
development. Nonetheless, mutations and knockout (KO) of pro-
teins involved in human CL/P in mice rarely show clefting of the lip, 
with clefting primarily observed in the secondary palate (15, 16). 
Genome-wide association studies (GWAS) and other genetic 
approaches in patients with nonsyndromic CL/P (nsCL/P) have 
identified 40 risk loci that show robust associations of single- 
nucleotide polymorphisms (SNPs) with nsCL/P (14, 17–20). A provoc-
ative finding is that most of the SNPs associated with nsCL/P are not 
found within protein-coding exons but rather at intronic and inter-
genic regions, and for the vast majority of these SNPs, the molecular 
mechanism underlying nsCL/P pathogenesis remains unknown. A 
single case in a family with CL/P has been reported in which a sub-
stitution mutation in p63 disrupts its binding to an enhancer and 
affects transcription of IRF6 (21). Whether CL/P-associated SNPs 
function in a similar way is unknown, and most broadly, it remains 
to be elucidated how general is enhancer disruption in developmental 
diseases.

In this study, we investigated the role of p63 in human cranio-
facial development and in the pathogenesis of orofacial clefting. We 
used an inducible transdifferentiation model that reveals p63 inter-
action with chromatin when expressed de novo and p63 regulation 
of gene expression. Our strategy encompassed a combination of 
epigenomic assays, including assay for transposase-accessible chro-
matin sequencing (ATAC-seq), chromatin immunoprecipitation 
sequencing (ChIP-seq) of p63, and the active enhancer histone mod-
ification H3K27ac, along with analysis of nsCL/P GWAS data. Our 
results reveal p63 establishment of enhancers, displaying increased 
chromatin accessibility and de novo H3K27 acetylation at critical 
craniofacial genes, and demonstrate that substitution mutations in 
p63 abrogate this function. We validate known genes and identify 
novel candidate genes and the enhancers that regulate them via p63, 
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which might play a role in nsCL/P pathogenesis. Last, we show that 
enhancers established by p63 are highly enriched for SNPs associated 
with nsCL/P, providing novel mechanistic insights into regulation of 
pathogenesis by CL/P-associated SNPs.

RESULTS
p63 remodels chromatin to establish enhancers,  
up-regulating epithelial and inflammation genes
To determine whether p63 has the ability to remodel the chromatin 
landscape to establish epithelial enhancers, we set up a doxycycline- 
inducible system to express the ∆NP63 isoform (hereafter referred 
to as p63) in human BJ dermal fibroblasts [CRL-2522, American 
Type Culture Collection (ATCC)]. After 48 hours, p63 reaches an 
expression level comparable to endogenous levels observed in un-
differentiated normal human epidermal keratinocytes, and expres-
sion levels are maintained without increase at 72 hours (fig. S1A). 
This p63 isoform was selected because it is the most abundant iso-
form in epithelial cells, is not expressed in fibroblasts, and has been 
demonstrated to play a fundamental role as a regulator of epithelial 
fate and keratinocyte differentiation (22–24).

Expression of p63 was induced for 72 hours, followed by p63 
chromatin precipitation (ChIP-seq to assess p63 binding genome- 
wide), ATAC-seq (to assess open chromatin), and H3K27 acetyla-
tion (H3K27ac) ChIP-seq (Fig. 1A). We observed an increase in 
ATAC-seq chromatin accessibility and H3K27 acetylation (H3K27ac) 
at p63-bound sites in fibroblasts expressing p63 compared to con-
trol fibroblasts with empty vector (Fig. 1B and fig. S1B). Forty thou-
sand sites were bound by p63, of which 40% were previously closed 
chromatin sites becoming open only after ectopic expression of p63 
(17,156 of 27,441 peaks; Fig. 1C and fig. S1B), while a smaller pro-
portion was unchanged or closed after p63 expression (14,991 open 
before and after and 10,302 closed). Further, 40% of these p63-bound 
sites were flanked by H3K27ac, with approximately 60% of these sites 
showing de novo H3K27ac (12,071 of 20,190; Fig. 1D and fig. S1B). 
Partitioning of p63-bound sites by distance to transcription start 
sites (TSSs) revealed that most p63 sites are located at intergenic 
and intronic regions at a median distance of 27 kb (Fig. 1, E and F), 
a distribution that is characteristic of enhancers. Overlaying pub-
lished micrococcal nuclease datasets in human fibroblasts (25) with 
our p63 ChIP sites revealed that 55% of sites bound by p63 when 
ectopically expressed are nucleosome-occupied in fibroblasts, and 
75% of these become open and devoid of nucleosomes upon ectopic 
expression of p63 (fig. S1C), expanding on previous work that showed 
that p63 has the ability to bind to closed chromatin and remodel the 
enhancer landscape during keratinocyte differentiation (8). Overall, 
these data reveal that de novo binding of p63 to chromatin leads to 
global changes in the enhancer landscape, specifically to the estab-
lishment of enhancers characterized by de novo chromatin accessi-
bility and by H3K27ac flanking p63-bound sites.

We examined the transcriptional consequence of these changes 
in the chromatin landscape, via RNA sequencing (RNA-seq) after 
ectopic expression of p63 for 72 hours in fibroblasts. A total of 
1960 genes were up-regulated upon ectopic expression of p63 [fold 
change > 1.5; false discovery rate (FDR) < 0.05; Fig. 1G], validating 
known p63 targets (IRF6, LCE1C, IVL, ITGB4, and SHH) (26, 27) 
and identifying more than 1000 genes previously not known to be 
regulated by p63 (full list in table S1). Gene Ontology (GO) analysis 
of all up-regulated genes showed enrichment of cell-cell adhesion 

categories characteristic of epithelial cells and important for epithe-
lial lineage specification (Fig. 1G). Other categories were interferon, 
inflammation, and immune pathways (Fig. 1G), consistent with pre-
vious reports showing that p63 modulates epidermal development 
and inflammation programs and plays a crucial role in T cell devel-
opment through establishment of the thymic epithelium (28–31). 
In addition, 1479 genes were down-regulated upon expression of 
p63 (fold change > 1.5; FDR < 0.05; fig. S1D), consistent with pre-
vious reports of p63 playing a repressive role at specific genes 
(COL6A2, CITED2, and CDH13) (27, 28) and uncovering more than 
1000 new genes down-regulated by p63.

We compared changes in the chromatin landscape to transcrip-
tion, finding that chromatin accessibility and H3K27ac increased at 
enhancers and promoters of genes that became up-regulated upon 
expression of p63 in fibroblasts (Fig. 1, H and I). We found the 
largest fold change in chromatin accessibility in genes that became 
up-regulated (Fig. 1H and fig. S1E). H3K27ac decreased in genes 
that were down-regulated and increased markedly in genes that 
were up-regulated (Fig. 1I and fig. S1F). To validate these findings, 
we examined the previously known p63-regulated gene IRF6 (21, 32, 33): 
The p63-dependent IRF6 enhancer showed de novo chromatin ac-
cessibility and H3K27ac, and establishment of this enhancer was 
accompanied by de novo activation of IRF6 expression in fibroblasts 
(Fig. 1J). We also observed enhancer establishment and transcrip-
tional activation of genes encoding the F11 receptor (F11R) and in-
tegrin subunit 7 (ITGA7) (Fig. 1K and fig. S1G). Thus, our data 
provide the first evidence that p63 can establish enhancers, revealing 
known and new gene targets of p63 linked to epithelial cells and 
inflammation and uncovering enhancers that might regulate their 
expression.

p63 and Kruppel-like factor 4 coestablish  
keratinocyte-specific enhancers to convert fibroblasts  
into keratinocyte-like cells
These results demonstrate that p63 can establish chromatin struc-
tures required for expression of key epithelial specification genes. 
However, previous findings show that conversion of fibroblasts into 
keratinocyte-like epithelial cells requires coexpression of p63 and 
Kruppel-like factor 4 (KLF4), and these keratinocyte-like epithelial 
cells share substantial morphology, functional characteristics, and 
gene expression patterns with basal epithelial keratinocytes (34). To 
understand the molecular mechanisms and chromatin changes that 
underlie this crucial conversion, we extended our system to tempo-
ral coexpression of p63 and KLF4 in fibroblasts driven by the same 
doxycycline-induced promoter (see Fig. 1A and fig. S2A). Keratin 
14 (KRT14), a key biomarker of basal keratinocytes, was up-regulated 
only when p63 and KLF4 were coexpressed and was not up-regulated 
with expression of either p63 or KLF4 (Fig. 2, A and C, and fig. S2B). 
Our results thus confirm the requirement for both factors to achieve 
conversion of fibroblasts into keratinocyte-like cells.

Broad GO analysis of the 2213 genes up-regulated upon conver-
sion showed high enrichment of gene classes encompassing epidermal 
development, cell adhesion, and other epithelial specific programs 
(Fig. 2B and table S2). Many genes critical for keratinocytes, includ-
ing FOXN1, DSC2, and DSG1, were newly expressed (Fig. 2C and 
table S2), and others became up-regulated over 1000-fold, including 
KRT14, KRT6a, GJB4, and LAD1 (Fig. 2C). As with ectopic expres-
sion of p63 alone, approximately 1000 genes were down-regulated 
with ectopic expression of p63 + KLF4 (fold change > 1.5; FDR < 0.05; 

 on M
ay 2, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Lin-Shiao et al., Sci. Adv. 2019; 5 : eaaw0946     1 May 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 15

0

10

20

30

*
*

p6
3 

pe
ak

s 
(F

D
R 

< 
0.

1)
  (

n 
= 

42
,7

65
)

Fibroblasts

ctrl
Fibroblasts

+ p63

0

10,000

20,000

30,000

40,000
Closed Open

      

p63 ChIP-seq ATAC-seq H3K27ac

            

p6
3 

pe
ak

s 
(F

D
R 

< 
0.

1)
 (n

 =
 4

2,
76

5)

     +p63      +p63 

     –2.5      2.5    Center      –2.5      2.5    Center      –2.5      2.5    Center      –2.5      2.5    Center     –2.5      2.5    Center     –2.5      2.5    Center

1

Fibroblasts ctrl Fibroblasts + p63

2

 0.5

 1.5
 0.75

–1.5

– 0.5
0

– 0.75

z 
sc

or
es

Av
er

ag
e 

z 
sc

or
e

n 
= 

19
60

Fibroblasts ctrl Fibroblasts + p63 

R1R1 R2R2

Type I interferon signaling pathway

In�ammatory response

Gene Ontology

Interferon-γ–mediated 
signaling pathway
Extracellular matrix organization

Cell adhesion

Single organismal cell-cell adhesion

Signal transduction

Immune response

Response to lipopolysaccharide

0468
–Log10(P value) FDR 10

0

20

40

60

80

100 Exon
Intergenic
Intron
Promoter/TSS
TTS

p6
3 

pe
ak

s 
(%

)

20,000

15,000

10,000

5000

0

0–5 kb
5–50 kb

50–100 kb
<100 kbp6

3 
pe

ak
s 

(F
D

R 
< 

0.
1)

(n
 =

 4
2,

76
5)

Distance to TSS

H3K27ac

p63

mRNA

ATAC

H3K27ac

p63

ATAC

mRNA

0

1800
0

0

0

0

0

0.5

4

2

2

0

220

0

0

0

1

5

1

0

0

0

22

1

5

1

0

1800
0

0

0

0

0

0.5

4

2

2

0

10

0

0

0

1

18

2

0

0

0

H3K27ac

p63

mRNA

ATAC

H3K27ac

p63

ATAC

mRNA
1

1

18

2

Chr1
10 kb

hg19

IRF6
F11R TSTD1

Chr1
20 kb

hg19

0

AT
AC

-s
eq

  f
ol

d 
ch

an
ge

(+
p6

3/
ct

rl)
 

Down-regulated

Up-regulated

Unchanged

1

2

3

H
3K

27
ac

  f
ol

d 
ch

an
ge

(+
p6

3/
ct

rl)
 

Down-regulated

Up-regulated

* *

     +p63 

2

Unchanged

Experimental setup

Fibroblasts Add inducible
p63 expression

Express p63 
for 72 hours

ATAC-seq, RNA-seq, and ChIP-seq of p63 and H3K27ac

0 0.4 0.8 0 0.4 0.8 0 0.2 0.4 0 0.2 0.4 0 0.4 0.8 0 0.4 0.8

0

2

3

1

2

0.1 0.1

0.2 0.2
0.2 0.2

0.3
0.40.4

0.3

Closed OpenH3K27ac+

p6
3 

pe
ak

s 
(F

D
R 

< 
0.

1)
  (

n 
= 

42
,7

65
)

Fi
br

ob
la

st
s

ct
rl

Fi
br

ob
la

st
s

+ 
p6

3

Fi
br

ob
la

st
s

+ 
p6

3
Fi

br
ob

la
st

s
ct

rl

+Dox

A

C

E

H I

F G

D

B

KJ

Ctrl Ctrl Ctrl

Fig. 1. p63 remodels chromatin to establish enhancers and up-regulate epithelial and inflammation genes. (A) Experimental setup showing inducible expression 
of p63 and downstream epigenomic analyses. Dox, doxycycline. (B) Heatmap of p63 ChIP-seq, ATAC-seq, and H3K27ac ChIP-seq (±2.5 kb from peak center) in control 
fibroblasts expressing an empty vector (ctrl) and in fibroblasts expressing p63 for 72 hours. (C) Graph of called p63 peaks partitioned into open and closed chromatin 
according to ATAC-seq results in fibroblasts ctrl and fibroblasts + p63. (D) Pie chart depicting differences in chromatin landscape at p63 called peaks in ctrl and after ectopic 
expression of p63 showing clear increase in chromatin accessibility (blue, open) and H3K27ac (patterned lines). (E) Distance to nearest TSS for all p63 peaks. (F) Partitioning 
of p63 peaks into different genomic features. (G) Heatmap of z-scored RNA sequencing (RNA-seq) results for 1960 genes up-regulated (fold change > 1.5; FDR < 0.05) 
upon ectopic expression of p63 and top Gene Ontology (GO) categories showing enrichment of epithelial and inflammation categories among up-regulated genes. 
(H and I) Boxplots showing increased chromatin accessibility and H3K27ac at p63/KLF4 sites ±250 bp near up-regulated genes (*P < 10 × 10−10). (J) UCSC genome browser 
tracks showing transcriptional activation of IRF6 (interferon regulatory factor 6) and de novo H3K27ac and ATAC-seq signal at an enhancer upstream of IRF6 in fibroblasts 
with ectopic expression of p63 (gray highlighted box). Chr1, chromosome 1. (K) UCSC genome browser tracks showing transcriptional activation of F11R and de novo 
H3K27ac and ATAC-seq signal within introns of F11R in fibroblasts with ectopic expression of p63 (gray highlighted boxes).
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Fig. 2. p63 and KLF4 coestablish keratinocyte-specific enhancers to convert fibroblasts into keratinocyte-like cells. (A) Immunofluorescence of p63 and KRT14 in 
fibroblasts + p63 and fibroblasts + p63 + KLF4 showing that KRT14 is only up-regulated when both p63 and KLF4 are expressed. (B) Heatmap of z-scored RNA-seq results 
for 2213 genes up-regulated (fold change > 1.5; FDR < 0.05) upon ectopic expression of p63 + KLF4 showing high enrichment of epidermal and skin-related GO catego-
ries. (C) Comparison of transcriptional regulation of the top 15 genes up-regulated in fibroblasts + p63 + KLF4 showing that both factors are required for up-regulation of 
keratinocyte-specific genes. (D) Venn diagram showing that p63 and KLF4 are cobound in 13,488 loci in the genome. (E) Graph of p63/KLF4 peaks partitioned into open 
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from (8). (H and I) Boxplots showing increased chromatin accessibility and H3K27ac at p63/KLF4 sites near up-regulated genes (*P < 10 × 10−10). (J and K) UCSC genome 
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activation (gray highlighted box).
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fig. S2C), including previously known repressed targets (CITED2, 
SATB2, TGFB1I1, and SHOX2) (27). Overall, the fold-decreased en-
richment and GO category specificity of down-regulated genes were 
much lower compared to those of the up-regulated genes (fig. S2C). 
Many key genes required for epidermal development and epithelial 
lineage specification were only up-regulated in the combined sys-
tem, including JAG2, GRHL3, and SFN (fig. S2D and table S2), and 
importantly, their dysregulation has been implicated in develop-
mental malformations including skeletal dysplasias and orofacial 
clefting (29, 35, 36). In addition, the top 15 up-regulated genes 
(via fold change p63 + KLF4/ctrl) by the combined system include 
keratinocyte- specific genes (e.g., KRT6a and KRT14) that are key 
mediators of cell-cell adhesion programs (e.g., CDSN, LAD1, and 
GJB4), as well as keratinocyte differentiation (e.g., TGM5 and FA2H), 
all of which were not up-regulated when p63 was expressed without 
KLF4 (Fig. 2C).

To determine whether changes in transcription were a result of 
upstream enhancer establishment by p63 and KLF4, we induced ex-
pression of both proteins for 72 hours, followed by ATAC-seq and 
ChIP-seq of p63, KLF4, and H3K27ac. Our data revealed that p63 
bound to over 40,000 sites in the genome and KLF4 bound to ap-
proximately 25,000 sites (Fig. 2D and fig. S2, E and F). Because 
both proteins are needed for transdifferentiation, we hypothe-
sized that cobound sites might play a crucial role in establishing key 
keratinocyte- specific enhancers. Our ChIP-seq experiments revealed 
that 13,488 sites were cobound by p63 and KLF4 (Fig. 2D), primar-
ily at intronic, intergenic, and promoter regions (fig. S2, G and H). 
Sites cobound by p63 and KLF4 showed a clear increase in chroma-
tin accessibility at 80% of the sites; 30% of the sites became newly 
open after ectopic expression of p63 and KLF4 (Fig. 2E and fig. 
S2I) and 20% of shared sites became newly decorated by H3K27ac 
(Fig. 2F and fig. S2I). Direct comparison of specific shared p63/
KLF4 bound peaks in basal keratinocytes (8) to fibroblasts, to fibro-
blasts + p63, and to fibroblasts + p63 + KLF4 revealed highest simi-
larity between H3K27ac marked enhancers in keratinocytes and those 
in fibroblasts + p63 + KLF4 (Fig. 2G and fig. S2J). These results show 
that p63 and KLF4 function together to establish chromatin struc-
tures concordant with those in basal keratinocytes.

Comparison of chromatin changes to gene expression revealed 
decreased chromatin accessibility at down-regulated genes, as well 
as at genes that remained unchanged (fig. 2J). Chromatin accessibil-
ity was increased only at promoters and enhancers of genes that were 
up-regulated upon conversion (Fig. 2H and fig. S2K). Furthermore, 
H3K27ac decreased in genes that were down-regulated and profoundly 
increased in up-regulated genes, reaching a more than 20-fold in-
crease in converting cells compared to controls (Fig. 2I and fig. S2L). 
At the local level, a genome browser view of the KRT14 locus exem-
plifies these marked changes in chromatin landscape and transcription 
(Fig. 2J). In fibroblasts + p63 + KLF4, establishment of enhancers 
occurred at intronic and intergenic regions around KRT14. The es-
tablishment of these enhancers was accompanied by a stark increase 
in KRT14 expression (Fig. 2J). As mentioned above, IRF6 is a key 
gene for CL/P, and KLF4 was also cobound with p63 to the IRF6 
enhancer with accompanying chromatin changes (Fig. 2K).

Overall, our results show that p63 and KLF4 convert fibroblasts 
into keratinocyte-like cells via coestablishment of keratinocyte-specific 
enhancers. Specifically, p63 alone was able to establish epithelial en-
hancers to up-regulate 32% of genes up-regulated by p63 + KLF4 
(710 of 2214 up-regulated genes; Fig. 1F and table S1; e.g., IRF6, 

F11R, and ITGA7). However, both p63 and KLF4 were required to 
establish keratinocyte-specific enhancers and up-regulate their re-
spective genes, such as KRT14, KRT6A, and JAG2. Because fibroblasts 
do not express p63, this transdifferentiation model constitutes a trac-
table system to investigate mechanisms underlying wild-type (WT) 
and mutant p63 function in keratinocyte enhancer specification and 
to uncover key disease-specific processes. Because p63 represents a 
key transcription factor driving epithelial specification and because 
p63 mutations are implicated in CL/P and other orofacial develop-
mental anomalies, we focused on further characterization of p63.

Disease-specific p63 mutations found in patients  
with craniofacial malformations show defects in  
enhancer establishment
Heterozygous point mutations in the DBD and SAM domains of 
p63 have been shown to lead to limb and craniofacial malforma-
tions in patients (4–6). While mutations within the DBD are likely 
to be deleterious because of loss of DNA binding (37–39), muta-
tions within the SAM domain are likely to lead to dysregulation of 
protein-protein interactions needed for epithelial lineage specifi-
cation (40–42).

We selected two point mutations for this study: p63R304W 
(Fig. 3A, orange), a point mutation in the DBD occurring in patients 
with ectrodactyly ectodermal dysplasia cleft lip/palate syndrome 
(EEC) (7), and p63I537T (Fig. 3A, blue), a point mutation in the 
SAM domain found in patients with ankyloblepharon-ectodermal 
dysplasia and cleft lip/palate syndrome (AEC) (39). Since character-
ized patients carry heterozygous p63 mutations, our homozygous 
model captures a severe scenario, with mutation of all p63 mole-
cules within a tetramer; this approach allows investigation of substi-
tution mutations in a simplified context.

We introduced p63R304W (mtDBD) or p63I537T (mtSAM) into 
our inducible conversion system with coexpressed KLF4 for 72 hours 
(Fig. 1A). Cellular immunofluorescence for KRT14 revealed defects 
in conversion for both mutants (Fig. 3B). As expected, the deleteri-
ous effects of mtDBD were most severe, showing no induction of 
KRT14 expression after 72 hours, whereas mtSAM showed reduced 
KRT14 expression compared to WT p63 (Fig. 3B). RNA-seq revealed 
that either substitution mutation poorly induced the top 15 genes 
up-regulated by WT p63 + KLF4, including epithelial-specific genes 
KRT6A, GJB4, LAD1, and CDSN (fig. S3A and table S3). Further, 
among the 3367 differentially expressed genes in WT p63 + KLF4, 
nearly all failed to be induced in the mtDBD + KLF4 compared to 
control fibroblasts (Fig. 3C). Hence, loss of p63 binding to DNA leads 
to complete loss of epithelial enhancer establishment in fibroblasts 
and nearly abrogates differential gene expression [16 of 3367 genes 
became up-regulated (table S3)]. In contrast, mtSAM showed an 
intermediate expression pattern between WT + KLF4 and control 
fibroblasts, indicating specific defects in enhancer establishment 
and downstream epithelial gene induction (Fig. 3C). Given this lat-
ter interesting specificity in defects, we focused on the SAM mutant 
p63I537T to dissect which deficiencies underlie the disease-specific 
phenotypes observed in AEC.

We investigated the effect of the mtSAM on p63 binding genome- 
wide. Among the 13,488 p63/KLF4 DNA binding sites in WT p63 + 
KLF4 conversion (Fig. 2D), most (71%; 9513) of the p63 binding 
peaks were retained in mtSAM + KLF4 and only 29% (3975) of p63 
bound peaks were lost (fig. S3B). The partial loss of mtSAM binding 
to DNA may be due to increased protein aggregation caused by 
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Fig. 3. Disease-specific p63 mutations found in patients with craniofacial malformations show defects in enhancer establishment. (A) Linear schematic of p63, 
showing domain structure and selected patient-derived mutations. TA, transactivation; OD, oligomerization domain; TID, terminal inhibitory domain. (B) Immunofluo-
rescence of p63 and KRT14 in fibroblasts + fibroblasts + KLF4 and +WT p63, mtDBD, or mtSAM showing that KRT14 is not up-regulated when the DBD is mutated and 
induction of KRT14 is lower in mtSAM. (C) Heatmap of z-scored 3367 differentially expressed genes (fold change > 1.5; FDR < 0.05) between fibroblasts ctrl and fibroblasts + 
p63 + KLF4 showing that mtDBD has almost no change in transcriptional profile and mtSAM shows a transcriptional profile in between fibroblasts ctrl and fibroblast + WT 
p63 + KLF4. (D) Heatmap showing a stark reduction in chromatin accessibility (ATAC-seq signal) in mtSAM compared to WT p63, decreased H3K27ac, and retained p63 and 
KLF4 binding. (E) Boxplots showing no increase in chromatin accessibility for mtSAM, as well as reduced enrichment of H3K27ac flanking p63/KLF4 peaks. AUC, area under 
the curve; N.S., not significant. (F) Venn diagram showing that more than 1000 genes are no longer up-regulated in mtSAM + KLF4 and about 200 genes are up-regulated de 
novo by this mutant. (G) Boxplots showing that the RNA-seq signal of genes close to p63/KLF4 retained peaks separated into peaks at preestablished enhancers in fibro-
blasts and newly established enhancers after ectopic expression of p63/KLF4. (H and I) UCSC genome browser tracks showing defects (red boxes) in establishing open 
chromatin and inducing gene expression at FOXN1 and IRF6.
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SAM domain mutations within p63 (43). However, despite largely 
maintaining binding to DNA (Fig. 3D, left), there was no increase 
in chromatin accessibility (Fig. 3D, ATAC-seq) at retained mtSAM/
KLF4 sites [Fig. 3, D and E (left)]. Furthermore, while most H3K27ac 
peaks were retained (Fig. 3D), overall, the amplitude of H3K27ac 
peaks increased only modestly compared to WT + KLF4 (Fig. 3E, 
right). Together with the observation that KLF4 binding is retained 
in most of these peaks (Fig. 3D), these results suggest that the SAM 
domain of p63 is crucial for chromatin accessibility and establish-
ment of H3K27ac in epithelial enhancer specification.

We examined how these chromatin changes affect downstream 
gene regulation of the closest genes to p63/KLF4-bound sites. RNA-
seq analysis revealed that 50% of genes up-regulated by p63/KLF4 
were no longer up-regulated in mtSAM (~1200 genes; Fig. 3F), in-
cluding key genes involved in craniofacial development, such as 
GRHL3, JAG2, LAMB3, and IRF6 (fig. S2C and table S3). We as-
sessed whether genes that were able to maintain activation in mtSAM/
KLF4 had preexisting enhancers, which might explain their contin-
ued expression. Genes that maintained expression with mtSAM/
KLF4 were near preestablished and H3K27ac predecorated enhancers 
(Fig. 3G, left). In contrast, genes near newly established enhancers 
failed to be up-regulated in mtSAM/KLF4 (Fig. 3G, right). In addi-
tion, ~200 genes were aberrantly up-regulated in mtSAM/KLF4, 
including genes involved in craniofacial development in nonepithe-
lial cell types, e.g., BMP2, VAX2, and GAD1 (Fig. 3F and table S3).

At the local level, FOXN1 (Fig. 3H), IRF6 (Fig. 3I), and LAMB3 
(fig. S3D) showed defects in enhancer establishment despite retained 
binding of mtSAM and KLF4. In particular, chromatin remained 
largely closed with mtSAM (in red highlighted box) and reduced 
H3K27ac flanking these sites, and these defects in establishing nor-
mal enhancer chromatin landscape lead to profound failure in up- 
regulating associated genes FOXN1, IRF6, and LAMB3 (Fig. 3, H 
and I, and fig. 3, A and C).

Together, our chromatin and transcription data show a marked 
difference in the roles of the DBD and SAM domains of p63. The 
DBD is essential for enhancer establishment due to loss of function 
in DNA binding. While the SAM mutant is able to bind to DNA, 
there are profound defects in both chromatin opening and estab-
lishment of H3K27ac, correlating with defective up-regulation of 
proximal epithelial genes. Thus, because the SAM domain mutant 
I537T is found prominently in AEC syndrome, our results identify 
a potential explicit molecular mechanism, in which mtSAM drives 
pathogenesis through aberrant enhancer establishment (despite main-
taining DNA binding), leading to low levels of specific critical cra-
niofacial genes, such as IRF6, JAG2, and GRHL3.

p63 regulates expression of critical genes associated  
with cleft lip/palate
While EEC and AEC are uncommon syndromes (5, 6), orofacial cleft-
ing is a key feature of these pathologies, and clefting is a common 
developmental defect throughout the world (11). Mouse genetic 
models (including KOs of Trp63 and Irf6) have been crucial in un-
derstanding lip and palate development; however, they do not fully 
recapitulate defects observed in patients (15, 16). To date, 16 genes 
have been strongly implicated in nsCL/P via related phenotypes in 
mouse KO and knockdown (KD) studies (table S4A) (44). Of the 16 
reported genes, 5 were up-regulated in our transdifferentiation model 
(ESRP1, IRF6, FOLR1, FGFR8, and WNT9B; see Fig. 2K, fig. S2D, 
and tables S2 and S4A), and ESRP1, IRF6, and FOLR1 also showed 

robust dysregulation in mtSAM (fig. S4A). Of these genes, only 
IRF6 was previously reported to be regulated by p63 (21, 27, 28), 
providing novel mechanistic insights into clefting pathogenesis via 
p63 mtSAM from our genome-wide study.

Genetic Association Database studies (45) of genes up-regulated 
in our transdifferentiation model identified cleft lip and/or cleft 
palate as the most highly enriched disease-associated category 
(Fig. 4A), with 76 associated genes identified, including genes 
known to cause nsCL/P (e.g., WNT9B, JAG2, and CDH1; full list in 
table S4B) (29, 35, 46, 47). Many of these 76 genes have been identi-
fied as causal for orofacial clefting through human syndromes and 
family studies, while others are in proximity of SNPs involved in 
CL/P but are not known to be causally or functionally involved with 
orofacial clefting.

To date, GWAS and other approaches have identified 40 human 
risk loci for nsCL/P with conclusive evidence (table S4C) (14, 17–20). 
These 40 loci are estimated to explain about 25% of the heritability 
reported for nsCL/P. However, the causative genes and mecha-
nisms at most of these loci are unknown. While previous studies 
have shown the importance of neural crest cells in CL/P development 
(14), different tissue systems are expected to contribute to this com-
plex disease. In particular, keratinocytes from patients with CL/P 
have recently been reported to display differentiation defects (48–51). 
On the basis of the key observation that p63 + KLF4 establish en-
hancers to regulate keratinocyte-specific genes, including critical 
craniofacial genes (see fig. S2D and table S2), we investigated the 
genes located within the topologically associated domain (TAD) 
(52, 53) overlapping each of the 40 risk loci. The reason why gene as-
sociation within TADs is examined is that gene regulatory enhancer- 
promoter contacts occur primarily within TADs (52–54). We found 
that within the associated TAD of 17 of these risk loci, at least 1 gene, 
and a total of 37 genes were up-regulated in our transdifferentiation 
model (Fig. 4B and table S4C). We conclude that crucial regulatory 
interactions occur within TADs encompassing genes induced by 
p63/KLF4.

To analyze whether any of the 37 genes (Fig. 4B) located at the 
risk loci and/or their enhancer regions might contribute to nsCL/P, 
we used SNPs and their P values from a recent GWAS on nsCL/P 
(14) to compute gene-based association P values using MAGMA (55) 
(table S4D). We first validated our approach by examining genes 
up-regulated by p63 + KLF4 within and outside of the 40 risk loci 
that have been shown to cause nsCL/P (21, 47, 56). We identified sig-
nificant P values for known causal genes within the 40 risk loci, such 
as in the 1q32 locus (IRF6), 17q21 (WNT9B), and 8q22.1 (ESRP1) 
loci (Fig. 4C, red). Our approach also identified significant P values 
for known causal genes outside of the risk loci, including JAG2, CDH1, 
and CTNND1 (Fig. 4C, red with asterisk) (29, 46, 57).

Within the 40 risk loci, we identified 10 candidate genes up-regulated 
by p63 with significant gene-based association P values to nsCL/P 
(P < 0.05), including SEMA4D, BEST3, ZFP36L2, and KRT4 
(Fig. 4C, green). In three of the risk loci, our data point toward a risk 
gene for nsCL/P that is different from the gene previously suggested: 
At 2p21, THADA was previously suggested to be the risk gene (58). 
Our data suggest that it is ZFP36L2 (P < 0.05; Fig. 4C, green with 
asterisk), a gene shown to play a role in basal keratinocytes (59). At 
2p25.1, KLF11 had been suspected to be the nsCL/P risk gene. Our 
data suggest that it is GRHL1 (P < 0.5), a close family member of 
GRHL3, a well-established risk gene for cleft palate (60, 61). Fur-
ther, at risk loci 9q22.2, our data prioritize SEMA4D (P < 10 × 10−5; 
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Fig. 4. p63 regulates expression of critical genes associated with orofacial clefting. (A) Genetic association database results showing that cleft lip/cleft palate is the 
most enriched disease category among the 2213 genes up-regulated (fold change > 1.5; FDR < 0.05) by p63 and KLF4. (B) Forty identified risk loci for cleft lip/palate indi-
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Fig. 4C, green with asterisk) instead of GADD45G (61) as the prob-
able nsCL/P risk candidate.

Last, to identify novel risk loci and novel causal candidate genes 
for nsCL/P, we extended our gene-based association P value study 
to genes up-regulated in our transdifferentiation model outside of 
the known 40 risk loci. We identified 111 novel candidate genes 
showing high association to nsCL/P (P < 0.05 computed as above; 
table S4D). Several identified genes, including ZNF296, CPNE9, 
ITGB4, and ZNF750 (Fig. 4C, blue), play key roles in epithelial cells 
but have no known role in CL/P. Regional association plots for 
ZNF296 and CPNE9 demonstrating the local association structures 
at these genes in the GWAS data reveal SNPs with nominal statisti-
cal significance at each of these genes and also in the surrounding 
noncoding areas (Fig. 4, D and E). The location of these SNPs sug-
gests that common genetic variants within or near these genes reg-
ulated by p63 might alter gene function or expression and, thus, 
may contribute to nsCL/P, but the genes have escaped detection in 
genetic studies due to lack of statistical power (such as sample size).

Overall, our transdifferentiation model in human cells provides 
an orthogonal approach to identify candidate genes in nsCL/P di-
rectly regulated by p63. Even at established risk loci, we have used 
our approach to find key p63-regulated genes, as the most likely 
CL/P-associated genes (e.g., ESRP1, GRHL1, RHPN2, and ARID3B). 
Further, we use this approach to identify new nsCL/P-specific can-
didate genes and the enhancers that regulate them (e.g., ZNF296, 
CPNE9, ITGB4, and TDRP).

SNPs associated with cleft lip/palate are highly enriched in 
enhancers established by p63 and KLF4
GWAS of SNPs have identified several genetic variants strongly as-
sociated with nsCL/P (14, 17–20). Many of these disease-associated 
SNPs are located outside of exons, thus suggesting a gene expres-
sion regulatory role, such as enhancers and promoters. Since orofa-
cial clefting is a major phenotype in patients with point mutations 
in p63 and, as we show here, since p63 plays a key role in establish-
ing epithelial enhancers, we explored potential overlap between p63 
binding sites and nsCL/P-associated SNPs identified in GWAS. We 
curated three lists of p63 binding sites: (i) all p63 peaks in fibro-
blasts + p63, (ii) all p63 peaks in fibroblasts + p63 + KLF4, and (iii) 
p63/KLF4 shared peaks in fibroblasts + p63 + KLF4 [i.e., a subset of 
(ii)]. Using the same GWAS dataset as above (14) and the enrichment 
tool Genomic Regulatory Elements and Gwas Overlap algoRithm 
(GREGOR) (62), we determined that list (iii)—p63 peaks cobound by 
KLF4—showed strongest enrichment of nominal significant 
(P < 0.05) nsCL/P SNPs (Fig. 5A). We focused on H3K27ac flank-
ing these sites as a mark of active enhancers, partitioning H3K27ac 
peaks into enhancers that are preestablished (already marked by 
H3K27ac in fibroblasts) or into new enhancers (only become marked 
by H3K27ac after fibroblast–to–keratinocyte-like conversion) (see 
Fig. 2, F and G). Enrichment analysis showed significant enrich-
ment (P < 0.05) of nominal significant nsCL/P SNPs only for newly 
established enhancers (Fig. 5A).

On the basis of the results from GREGOR, we performed colo-
calization analysis of nsCL/P SNPs, focusing on the p63/KLF4 shared 
peaks (14). This analysis further accounts for the strength of associ-
ation with nsCL/P of each SNP, with highly associated SNPs con-
tributing to a lower overall colocalization P value (see Materials and 
Methods). We observed significant colocalization (P < 0.05) for p63/
KLF4 peaks in which active enhancers are established (newly marked 

by H3K27ac), whereas shared p63/KLF4 peaks at preestablished en-
hancers and peaks without H3K27ac did not achieve statistical 
significance (Fig. 5B).

We next focused on H3K27ac peaks—which are broader than 
p63/KLF4 peaks—because SNPs close to, but outside of, p63/KLF4 
peaks might be in linkage disequilibrium and contribute to risk of 
CL/P. We performed colocalization analysis of nsCL/P SNPs in 
H3K27ac peaks in control fibroblasts, in preestablished enhancers, 
and in new enhancers flanking p63/KLF4 peaks (Fig. 5C). Here, only 
enhancers newly established by p63/KLF4 showed strong colocal-
ization (P < 10 × 10−4; Fig. 5C), confirming the results obtained in 
the GREGOR analysis.

Genome browser views overlaid with nsCL/P SNPs allowed 
visualization of the high colocalization of SNPs at p63/KLF4 peaks 
and newly established enhancers (ATAC-seq and H3K27ac peaks) 
close to MAFB (Fig. 5D), at the known 8q24 risk locus (Fig. 5E) (63), 
at the nsCL/P causing gene IRF6 (fig. S5A), and near RHPN2 (fig. 
S5B). We activate the genes downstream of these regulatory 
elements in our transdifferentiation model (see RNA-seq in Fig. 5, D 
and E, and fig. S5, A and B), indicating that they are up-regulated by 
the establishment of new enhancers by p63/KLF4.

Overall, GREGOR analysis and colocalization results show that 
enhancers established by p63/KLF4 are highly enriched for SNPs 
associated with nsCL/P. These SNPs likely affect downstream ex-
pression of epithelial-specific genes and long noncoding RNAs 
(lncRNAs) required for proper lip and palate development, as 
observed with IRF6 and mutations in an upstream regulatory ele-
ment of this gene established by p63 (21). Thus, our unbiased trans-
differentiation model in conjunction with GWAS data provides an 
independent method to identify driver genes. The method also pro-
vides novel mechanistic insights into how nsCL/P-related SNPs 
might be regulating pathogenesis via disruption of p63/KLF4 
binding sites crucial for enhancer establishment and downstream 
gene regulation.

DISCUSSION
Here, we report a transdifferentiation model as a novel approach to 
determining the role of p63 in craniofacial development. We show 
that p63 can establish craniofacial enhancers to regulate down-
stream genes and that this process is disrupted when p63 carries 
mutations derived from human disease. In particular, our results 
show a novel mechanism underlying pathogenic p63 mutations, in 
which failure to open and establish enhancers leads to transcrip-
tional dysregulation. We integrate our epigenomic data with GWAS 
datasets derived from patients with nsCL/P to identify novel CL/P 
candidate genes regulated by p63. We also uncover strong enrich-
ment of nsCL/P-associated SNPs at enhancers established by p63, 
providing mechanistic insight into how these SNPs lead to human 
pathogenesis.

A key role of transcription factor p63 in mediating epidermal com-
mitment, development, and differentiation has been extensively 
demonstrated through mouse models and causative point mutations 
in human disease. In mice, KO of p63 leads to developmental and 
morphological defects in the squamous epithelia and epidermis, 
causing abnormal craniofacial development, truncated limbs, and loss 
of salivary glands, hair follicles, and teeth (2, 3). To date, how p63 
engages and modifies chromatin to promote normal development 
during these early stages is still being elucidated. Here, we report key 
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observations that p63 can establish enhancers and that defects in this 
process may underlie human craniofacial malformations.

Previous studies of p63’s engagement with chromatin have fo-
cused on its role in keratinocyte differentiation (8, 10, 51, 64, 65), 
while de novo engagement with chromatin has not been exten-
sively addressed due in part to lack of tractable human models. 
Thus, to examine the first encounter of p63 with chromatin, we 
expressed p63 ectopically in a temporally controlled manner in 
human BJ fibroblasts, a cell line that does not express p63. We show 

that p63 establishes enhancers to up-regulate epithelial and in-
flammation genes. We next developed an inducible transdiffer-
entiation model based on published reports, showing that p63 
coexpressed with KLF4 can convert fibroblasts into keratinocyte- 
like cells (34). We determined that cobinding of p63 and KLF4 
leads to robust establishment of enhancers that correspond re-
markably well to bona fide enhancers in basal keratinocytes. Thus, 
this model system recapitulates the epigenetic conditions of early 
epithelial development.
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Fig. 5. SNPs associated with nonsyndromic cleft lip with or without cleft palate are highly enriched in enhancers established by p63 and KLF4. (A) GREGOR anal-
ysis showing that p63/KLF4 shared peaks (green) and newly established H3K27ac (orange) flanking these peaks are significantly (P < 0.05) enriched for SNPs associated 
with nsCL/P. (B) Colocalization of shared p63/KLF4 peaks at inactive (inact.)/preestablished (preestbl.)/new enhancers, with nominal significant nsCL/P-associated GWAS 
SNPs. The graph shows that only p63/KLF4 peaks flanked by de novo H3K27ac peaks are enriched for nsCL/P-associated SNPs. (C) Colocalization of H3K27ac peaks with 
nominal significant nsCL/P-associated GWAS SNPs. The graph shows that only new enhancers in converted cells flanking p63/KLF4 peaks are significantly enriched for 
nsCL/P-associated SNPs. (D and E) Overlay of SNPs and UCSC genome browser tracks highlighting (in orange) that p63/KLF4 peaks strongly colocalize with highly associ-
ated nsCL/P SNPs near MAFB and the known 8q24 locus; binding of both proteins at promoters is highlighted in gray.
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Mutations in the p63 DBD in patients with EEC have been pre-
viously shown to cause loss of downstream transcriptional activa-
tion of known p63 targets (40, 51, 66). Further studies showed that 
p63 mutations in AEC also disrupted transcription and caused p63 
aggregation (40–43). In particular, it has been proposed that aggre-
gation of p63 in AEC leads to decreased binding of p63 to its DNA 
targets and that this is a key underlying disease mechanism (43). 
However, it remains unclear how enhancer regulation by p63 is al-
tered by substitution mutations. Our approach shows that one prev-
alent substitution mutation in the DBD leads to complete loss of 
p63 binding to chromatin and loss of enhancer establishment. On 
the other hand, one frequent substitution mutation in the SAM do-
main largely retains DNA binding but results in defects in chromatin 
opening, causing dysfunctional enhancer establishment and defec-
tive up-regulation of key craniofacial genes. These results suggest 
that the SAM domain is involved in recruiting chromatin remodelers 
to displace nucleosomes and establish open chromatin, in line with 
previous reports suggesting that p63 and the BAF complex cooperate 
to open chromatin during epidermal differentiation (64). Further 
experiments are required to identify proteins interacting with the 
SAM domain of p63 to perform these functions. However, our re-
sults point toward a novel function of the p63 SAM domain, as well 
as a novel molecular mechanism underlying AEC.

While EEC and AEC are relatively rare, one phenotype of both 
syndromes is cleft lip palate, which also occurs in the absence of p63 
mutations in 1:700 births (11). A connection between p63 and CL/P 
has previously been proposed (32, 67, 68); however, these studies 
were largely carried out in mice, a model in which KO and KD of 
p63 do not accurately recapitulate clefting of the lip or palate (2, 3). 
This could be in part due to extensive rewiring of the p63 response 
element network between mouse and human, as well as human- 
specific craniofacial enhancers that were recently reported (69, 70). 
Further, mouse models of known disease-causing genes such as 
IRF6, PVRL1 (71), and CDH1 (46) in human also fail to recapitulate 
clefting of the lip (15, 16, 35, 44), suggesting stark differences in 
these processes between species and highlighting the need for 
orthogonal human approaches. In humans, GWAS and other ap-
proaches have identified 40 human risk loci for nsCL/P with con-
clusive evidence. These 40 loci represent about 25% of heritability 
in nsCL/P cases reported; however, at the majority of these loci, the 
causative variants and mechanisms are unknown, due in part to a 
lack of mechanistic data within noncoding regions. Thus, by integrat-
ing epigenomic datasets from our transdifferentiation keratinocyte 
model with GWAS datasets, we gained novel insights into molecular 
mechanisms underlying nsCL/P.

Overlapping of our results with GWAS datasets from nsCL/P 
identified key known candidate genes regulated by p63 and newly 
established enhancers at known risk loci, including IRF6 in the 1q32 
locus and WNT9B at 17q21.32. We identified ZFP36L2 and GRHL1 
at 2p21 and 2p25.1, respectively, as the lead risk nsCL/P genes de-
spite previous reports focusing on other genes in those loci (58, 61). 
Our data also prioritized ESRP1 and SEMA4D, known genes in 
epithelial regulation, as nsCL/P risk candidates at 8q22.1 and 9q22.2 
loci in which the risk genes had not been identified. KO studies of 
ESRP1 in particular showed full penetrance of CL/P in mice (56). 
Further, by combining GWAS datasets with genes up-regulated in 
our transdifferentiation model, we identified more than 100 new 
candidate genes and risk loci for nsCL/P validation studies, includ-
ing ZNF296, CPNE9, and ITGB4. These genes play important roles 

in epithelial cells, but their role in nsCL/P had been unknown be-
fore our study.

In addition to identifying genes downstream of p63, our analysis 
also identified the enhancers that regulate them. For instance, FOLR1 
and FOLR3 were both up-regulated in our transdifferentiation model 
following establishment of upstream enhancers by p63 and KLF4. 
KO of the mouse homolog of FOLR1 gene was shown to lead to oro-
facial clefting (72); however, mutations in these genes have not been 
found in humans with CL/P. It is possible that previously uncharac-
terized mutations at the enhancers of these genes may increase risk 
of CL/P, which could be mitigated by folic acid supplementation, as 
is the case in mouse models with KO of folbp1 (72).

Last, using two different colocalization analyses, we found that 
enhancers established by p63 + KLF4 are enriched for SNPs associ-
ated with nsCL/P, providing a novel molecular mechanism for how 
these SNPs may contribute to disease at a molecular level. For in-
stance, at the nsCL/P risk loci 20q12, MAFB has been proposed to 
be the main risk gene for nsCL/P (12, 73). However, no functional 
or mechanistic data have supported this claim. Our integrated data 
show that p63 and KLF4 cobind and establish enhancers upstream 
of MAFB, leading to robust de novo expression of MAFB. These en-
hancers are enriched for nsCL/P-associated SNPs, providing a 
novel mechanism underlying how these SNPs may affect proper 
expression of MAFB during lip and palate development. Another 
example is the known 8q24 risk locus, which shows the strongest 
effect size across populations of Asian and European origin (63, 74). 
Previous reports conducted in murine models suggested that this 
region contains enhancers important for MYC regulation (75); how-
ever, deletion of this region resulted in clefting of the lip or palate in 
less than 7% of murine embryos, despite robust down-regulation of 
MYC. Our data show that this region contains a number of p63 + 
KLF4 bound and established enhancers that are enriched for SNPs 
associated (P < 5.0 × 10−8) with nsCL/P. Further, we show that es-
tablishment of enhancers in this region led to up-regulation of an 
lncRNA, LINC00977, that is not present in mice. In human kerati-
nocytes, it was previously observed that KD of p63 leads to down- 
regulation of MYC (76). Thus, it is possible that p63 regulates enhancer 
establishment at 8p24 to up-regulate LINC00977 and modulate MYC 
expression during lip and palate development. While mechanistic 
experiments are necessary to confirm this, our data provide novel 
candidate disease mechanisms underlying nsCL/P. Together, our find-
ings address how p63 binds and remodels chromatin with its first 
encounter, identifies and prioritizes nsCL/P candidate genes and the 
enhancers that regulate them, and provides new explanations for how 
p63 mutations and SNPs associated with nsCL/P underlie disease.

MATERIALS AND METHODS
Cell culture
BJ foreskin fibroblasts (CRL-2522) were obtained from ATCC and 
were cultured in a 37°C incubator at 3% oxygen in tissue culture 
medium containing Dulbecco’s modified Eagle’s medium with 10% 
fetal bovine serum, streptomycin (100 g/ml), and penicillin (100 U/ml).

Lentivirus and retrovirus infection
Stable cell lines were made by lentivirus and retrovirus infection, as 
previously described (77). Tetracycline On System was introduced 
in two steps. First, the reverse tetracycline-controlled transactivator 
(rtTA) was introduced via lentivirus Lenti CMV rtTA3 Blast (w756-1) 
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(plasmid #26429, Addgene). Lentivirus was transfected with pack-
aging plasmids to human embryonic kidney T293T cells, and viral 
supernatant was filtered through a 0.45-m filter, supplemented with 
polybrene (8 g/ml), and mixed with trypsinized BJ cells for 24 hours. 
Cells were selected for 1 week using blasticidin at 4 g/ml.

We then cloned ∆NP63-Flag (plasmid #26979, Addgene) and 
∆NP63-Flag cloned with a T2A self-cleaving peptide linker 
to human KLF4 (plasmid #19777) into a retroviral construct 
pRetroX-TRE3G-puro construct. We introduced point mutations 
(I537T and R304W) into p63 via QuikChange II site-directed muta-
genesis from Agilent (catalog #200523). Retrovirus constructs were 
transfected to Phoenix packaging cell line, purified, and used as de-
scribed above. Infected cells were selected with puromycin for ap-
proximately a week.

Transdifferentiation
BJ stable cell lines infected with rtTA and either an empty pRetrox-TRE3G 
vector, pRetrox-TRE3G-∆NP63-Flag, or pRetrox-TRE3G-∆NP63-
Flag-T2A-hKLF4 were induced for 72 hours using doxcycycline 
(1 g/ml) replenished every 24 hours. A low dose of 1 mM hydroxy-
urea was added after 24 and 48 hours, as we observed that this im-
proves conversion without affecting control cells. Cells were then collected 
for Western blot, ATAC-seq, RNA-seq, and ChIP-seq.

Western blot
Cells were lysed in radioimmunoprecipitation assay buffer con-
taining 1% NP-40, 150 mM NaCl, 50 mM tris-Cl (pH 8.0), and 1% 
SDS supplemented with cOmplete, EDTA-free protease inhibitor 
(11873580001, Roche). Protein concentration was determined by 
bicinchoninic acid assay (BCA) protein assay (#23227, Life Tech-
nologies), after which equal amounts of proteins were loaded and 
separated by polyacrylamide gels. Proteins were then transferred to 
nitrocellulose membranes. Antibodies used in this study were as 
follows: Flag (M2, F1804, Sigma-Aldrich), hKLF4 (AF3640, R&D 
Systems), p63 (D2K8X, Cell Signaling Technology), glyceraldehyde- 
3-phosphate dehydrogenase (10R-G109a, Fitzgerald), and KRT14 
(ab7800, Abcam).

Immunofluorescence
Transdifferentiated and control fibroblasts grown on cover glasses 
were fixed in 4% paraformaldehyde in phosphate-buffered saline 
(PBS) for 30 min. Cells were then washed twice with PBS and per-
meabilized with 2.5% Triton X-100 in PBS for 10 min. After two 
washes, cells were blocked in 10% bovine serum albumin (BSA) in 
PBS for 1 hour at room temperature. Cells were then incubated at 
4°C overnight with primary antibodies in 5% BSA in PBS with 0.1% 
Tween 20 (PBST). Primary antibodies used were as follows: Flag 
(M2, F1804, Sigma-Aldrich), hKLF4 (AF3640, R&D Systems), p63 
(D2K8X, Cell Signaling Technology), and KRT14 (ab7800, Abcam). 
The next day, cells were washed 4 × 10 min with PBST, followed by 
incubation with Alexa Fluor–conjugated secondary antibodies (Life 
Technologies) in 5% BSA in tris-buffered saline with Tween 20 for 
45 min at 37°C. Cells were then washed 3 × 10 min in PBS, incubated 
with 4′,6-diamidino-2-phenylindole (0.5 g/ml) in PBS for 5 min, 
and washed twice with PBS. The slides were then mounted using 
VECTASHIELD antifade mounting medium (H-1000, Vector Lab-
oratories) and incubated overnight in the dark at room temperature. 
The slides were then imaged with a Nikon Eclipse 80i fluorescent 
microscope.

ChIP and RNA preparation
Transdifferentiated and control BJ fibroblasts (population doubling 
20 to 30) were cross-linked with formaldehyde (1% final) for 5 min 
at room temperature or lysed in TRIzol (#15596018, Thermo Fisher 
Scientific) and snap-frozen for RNA isolation. Cross-linked cells 
were quenched with glycine (125 mM final) for 5 min, followed by 
two washes in cold PBS. Nuclei were then isolated from 20 million 
cells as previously described (78), and chromatin was sheared to 
250-bp average size using a Covaris S220. Immunoprecipitations 
were performed using 500 g of sheared chromatin lysate and 5 g 
of antibodies preconjugated to protein G beads (Invitrogen): H3K27ac 
(39133, Active Motif), Flag (M2, F1804, Sigma-Aldrich), and hKLF4 
(AF3640, R&D Systems). ChIP reactions were incubated for 16 hours 
at 4°C with rotation and then washed four times in wash buffer [50 mM 
Hepes-HCl (pH 8), 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 
0.1% sodium deoxycholate, and 0.5% N-laurylsarcosine], followed by 
one wash in ChIP final wash buffer (1× tris-EDTA (TE) Buffer and 
50 mM NaCl). Immunoprecipitated DNA was eluted from washed 
beads, reverse cross-linked overnight, purified, and used to con-
struct libraries. Snap-frozen RNA samples were further extracted 
using chloroform and QIAGEN RNeasy Mini Kit (#74106) in-
cluding deoxyribonuclease digestion. Purified RNA was then 
reverse- transcribed to complementary DNA (cDNA) using the 
High- Capacity cDNA Reverse Transcription Kit from Applied 
Biosystems (4368814). cDNA was then quantified and used to con-
struct sequencing libraries.

ChIP-seq/RNA-seq and data analysis
Sequencing libraries for ChIP experiments were prepared using 
NEBNext Ultra reagents (New England Biolabs). All ChIP samples 
and input were double-end–sequenced on an Illumina NextSeq 500. 
Reads were mapped to the reference human genome assembly GRCh37/ 
hg19 using Bowtie2 (maximum fragment size set to 2000 bp). Properly 
aligned, nonduplicated pairs were retained for peak calling using 
MACS2 (q value cutoff set to 0.01). Fragment pileup per million 
reads for each ChIP library and corresponding input were also gener-
ated and subtracted using MACS2 for visualization. Only overlap-
ping peaks shared by biological replicates were used for analysis.

Poly(A) + RNA was isolated using double selection with poly-dT 
beads, followed by first- and second-strand synthesis. Reads were 
mapped to the reference human genome assembly GRCh37/hg19 
using splice-aware tool STAR (maximum fragment size set to 
2000 bp). Alignments with a mapping quality (MAPQ) score 
over 10 were counted toward RefSeq (Reference Sequence) genes 
using featureCounts (default parameters). Fragment pileup per 
10 million reads for each RNA library was generated by BedTools 
(“genomecov -split -bg -scale”) and University of California Santa 
Cruz (UCSC) tool package (“bedGraphToBigWig”). Pairwise differ-
ential expression analysis was implemented using R package DESeq2 
with FDR cutoff set to 0.05 and fold-change cutoff set to 1.5.

Assay for transposase-accessible chromatin
ATAC-seq experiments were performed as previously described 
(79) using 100,000 cells and 5 l of Tn5 transposase (Nextera XT 
Kit, Illumina) to tagment intact nuclei. Reads were mapped to the 
reference human genome assembly GRCh37/hg19 using Bowtie2 
(maximum fragment size set to 2000 bp). Properly aligned, non-
duplicated pairs were retained, and reads mapped to mitochon-
dria or ENCODE blacklist regions were excluded. For peak calling, 
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we adjusted the read start sites to represent the center of the transposon 
binding event (all reads aligning to the positive strand were offset by 
+4 bp, and all reads aligning to the negative strand were offset by 
−5 bp). Broad peaks were called using MACS2 (q value cutoff set to 
0.01). Fragment pileup per million reads for each ATAC library 
was also generated using MACS2 for visualization. Similar to the 
ChIP-seq data, only overlapping peaks shared by biological rep-
licates were used for analysis. To acquire subnucleosomal peaks, only 
fragments shorter than 120 nt were used.

GO analysis
GO terms of differentially regulated genes were determined using 
DAVID. We selected the top 10 GO categories based on the lowest FDR.

Intersection
All p63 peak sets were combined by taking the union using BedTools 
(“bedtools merge”) and categorized into different subsets based on 
whether they overlap with ATAC-seq or ChIP-seq peaks (overlap 
by at least 1 bp). Peaks were annotated to genes by the nearest 
RefSeq TSS using HOMER (default parameters for “annotatePeaks” 
command). Motif analysis was implemented using HOMER 
(“findMotifsGenome -size given”).

Statistical analysis
Metaplots and heatmaps centered around any peak set were gener-
ated using deepTools (“computeMatrix” and “plotHeatmap”). ChIP-
seq or ATAC-seq signal over each peak region was computed using 
bwtool (unit: per million reads per kilobase) to generate boxplots 
and bar graphs, and Mann-Whitney test was applied unless other-
wise specified.

Analysis of GWAS data for nsCL/P
GWAS data for nsCL/P were retrieved from a previously published 
study (14), which had included 399 cases, 1318 controls, and 1461 
case-parent trios. The SNP data comprised about 8.01 million com-
mon variants at a minor allele frequency of >1%. All analyses for the 
present manuscript were performed using the overall data, i.e., with-
out stratification for ethnicity.

Gene-based P values
While single variants alone might be statistically underpowered to 
show significant effects, their contribution in sum can be analyzed by 
aggregating individual variants within a predefined region (for instance, 
genes). On the basis of the P values obtained from the nsCL/P GWAS, 
we used MAGMA (v1.06) (55), a principal component–based regres-
sion framework that allows for gene-based analysis. We ran the gene- 
based analysis for the p63 up-regulated genes (n = 250) as implemented 
in the FUMA online tool (Functional Mapping and Annotation of 
GWAS) platform (v1.3.2) (80), with default parameters (SNP-wide 
mean model) and with the 1000 Genome Phase3 as reference panel. 
In the gene set analyses, curated gene sets and GO terms from 
MsigDB are tested. For FUMA (≥v1.3.1), 10,655 gene sets (curated 
gene sets: 4738; GO terms: 5917) from MsigDB v6.1 were used. 
Bonferroni correction was performed for all the tested gene sets.

Enrichment analyses
To evaluate the enrichment of all nominal significant nsCL/P 
GWAS SNPs (74) in a priori selected regulatory elements, the 
GREGOR (v1.4.0) (62) software tool was used. Selection of the 

regions was performed on the basis of the presence of p63 and/or 
KLF4 and/or H3K27ac peaks. For analysis of overlay of specific SNPs 
to specific elements, a colocalization approach was performed as 
previously suggested (14). Briefly, SNPs were mapped to either 
“positive regions” (i.e., in p63 + KLF4 ± H3K27ac binding regions) 
or “negative regions” (all others) and then grouped into nine cate-
gories 10−k+1 ≥ P > 10−k for k = 1,…, 8 and 10−8 ≥ P. The frequen-
cies of SNPs located in the positive regions and those outside the 
annotated regions were counted within each category. The one- 
sided Cochran-Armitage trend test was applied in R environment 
with function prop.trend.test of stats package to test for an enrich-
ment of smaller P values within annotated regions based on the re-
sulting 9 × 2 contingency table.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaaw0946/DC1
Fig. S1. Ectopic expression of p63 in fibroblasts leads to establishment of enhancers and 
downstream up-regulation of inflammation and epithelial genes.
Fig. S2. Ectopic coexpression of p63 and KLF4 leads to establishment of keratinocyte-specific 
enhancers and up-regulation of epithelial genes.
Fig. S3. Mutations in p63 disrupt enhancer establishment and lead to loss of up-regulation of 
key keratinocyte-specific genes.
Fig. S4. Heatmap of genes regulated by p63 + KLF4 that have been strongly linked to CL/P in 
murine KD and KO models.
Fig. S5. p63/KLF4 peaks colocalize strongly with highly associated CL/P SNPs near IRF6, RHPN2, 
and GPATCH1.
Table S1. Genes up-regulated in fibroblasts + p63 compared to control fibroblasts (fold change > 
1.5; FDR < 0.05).
Table S2. Genes up-regulated in fibroblasts + p63 + KLF4 compared to control fibroblasts  
(fold change > 1.5; FDR < 0.05).
Table S3. Mutations in p63 disrupt up-regulation of keratinocyte-specific genes.
Table S4. Causal and candidate genes involved in CL/P identified in our  
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